INTRODUCTION {#sec1-1}
============

Alzheimer\'s disease is a common neurodegenerative disease. At present, drug therapy cannot reverse the course of Alzheimer\'s disease; it can only temporarily relieve symptoms. There are no effective treatments apart from acetylcholinesterase inhibitors, which only temporarily augment cholinergic function.

The combination of neural stem cell transplantation and genetic modification makes it possible to harness the dual functions of cellular replacement and gene therapy\[[@ref1][@ref2]\]. Many successful experiments have been performed using neural stem cell transplantation, particularly for Parkinson\'s disease, for which the pathogenesis is relatively well known\[[@ref3][@ref4][@ref5]\]. For example, the degeneration or even loss of dopaminergic neurons in the substantia nigra results in a decrease in dopamine levels in the corpus striatum. Therefore, tyrosine hydroxylase gene-modified neural stem cells are transplanted into the corpus striatum, increasing dopamine neurotransmitter levels. This is an ideal treatment method because it is specifically aimed at the major pathogenetic change in Parkinson\'s disease\[[@ref6][@ref7][@ref8][@ref9][@ref10][@ref11]\].

In contrast to Parkinson\'s disease, there are several pathological changes in Alzheimer\'s disease, including apoptosis of cholinergic neurons, an increase in levels and activity of β-secretase (beta-site amyloid precursor protein cleaving enzyme, BACE1), and inflammation\[[@ref12]\]. Some studies have indicated that transplantation of rat neural stem cells transfected with nerve growth factor, choline acetyltransferase or brain-derived neurotrophic factor can improve cognitive performance\[[@ref13][@ref14][@ref15][@ref16][@ref17][@ref18]\]. However, it is usually insufficient to introduce a gene\[[@ref19]\] into cells to only upregulate the expression Alzheimer\'s disease-related proteins. Thus, in the present study, we synthesized a short hairpin RNA (shRNA) construct targeting BACE1, the key enzyme in amyloid beta protein (Aβ) production, downregulating its expression. The amyloid cascade hypothesis for the pathogenesis of Alzheimer\'s disease postulates that memory deficits are caused by increased levels of both soluble and insoluble Aβ, which are derived from the larger amyloid precursor protein after undergoing sequential proteolytic processing. BACE1 is the rate-limiting enzyme in this Aβ synthetic pathway. Overexpression of Aβ exists only if there is overactivity or high levels of the enzyme.

Aβ is the key factor in Alzheimer\'s disease pathogenesis, because it not only has direct neurotoxicity, but can also combine with FPR-like-1 in mononuclear phagocytes, activating these small glial cells that gather in the lesion site and release inflammatory proteins. As a result, Aβ has indirect neurotoxic effects as well\[[@ref20]\]. The latest research shows that Aβ also affects the proliferation, survival and differentiation of neural stem cells, and may even reduce their ability to migrate toward the lesion site\[[@ref21]\]. Post-mortem analysis of brain samples from Alzheimer\'s disease patients has shown increased levels of BACE1 protein and Aβ levels in cortical regions\[[@ref22][@ref23]\]. Thus, decreasing Aβ levels in the brain is a possible therapeutic approach for Alzheimer\'s disease, and many experiments indicate that proteins such as BACE1 and neprilysin could be used as therapeutic agents to reduce Aβ levels in Alzheimer\'s disease brain\[[@ref24][@ref25][@ref26]\].

Neural stem cell transplantation is designed to replace damaged nerve cells, and thereby restore cell loops and cell function. There are primarily two methods: (1) differentiation of endogenous neural stem cells; (2) exogenous neural stem cell transplantation. These two methods can both be applied for Alzheimer\'s disease therapy.

In most cases, it is insufficient to replace lost nerve tissue only by enhancing the production of endogenous neural stem cells, especially in the spinal cord or striatum\[[@ref27][@ref28]\]. In this study, we chose the C17.2 cell line to use as exogenous neural stem cells, and primary neural stem cells to use as endogenous neural stem cells.

In the present study, we downregulated the expression of the BACE1 gene in C17.2 neural stem cells and primary neural stem cells *via* genetic modification for the first time. A short hairpin DNA oligonucleotide was introduced into the pSilenCircle plasmid to express a short hairpin RNA (shRNA) complementary to a sequence in the coding region of human BACE1 mRNA. The shRNA was able to inhibit the expression of the BACE1 gene in C17.2 neural stem cells and primary neural stem cells. Thus, when these cells were transplanted into the brain, they not only could replace the lost nerve cells through proliferation and differentiation, but also could downregulate the expression of BACE1 protein, resulting in a reduction in Aβ production. This can inhibit the inflammatory reaction, and promote the proliferation, survival, differentiation and migration of neural stem cells to the lesion area. Therefore, this technology simultaneously harnesses the power of cell transplantation and genetic therapy, and targets multiple pathological changes in Alzheimer\'s disease.

RESULTS {#sec1-3}
=======

Identification and differentiation of C17.2 neural stem cells and primary neural stem cells {#sec2-1}
-------------------------------------------------------------------------------------------

About 95% of C17.2 neural stem cells attached to the bottom 4 hours after passage. Furthermore, a monolayer of neural stem cells spread out and formed an almost confluent sheet after 3--4 days of passage. The neural stem cells were spindle or irregular in shape ([Figure 1A](#F1){ref-type="fig"}, [B](#F1){ref-type="fig"}).

![The identification of C17.2 neural stem cells.\
(A, B) Cultured C17.2 neural stem cells 2 and 4 days after passage under an inverted microscope (black arrows). (C) Neural stem cells under an inverted microscope. (D) Nestin-positive neural stem cells (red fluorescence, white arrow) after immunofluorescence staining under an inverted microscope, which is an important marker for the identification and isolation of neural stem cells. (A, C, D) Scale bars: 50 μm; (B) scale bar: 100 μm.](NRR-8-3095-g002){#F1}

After about 80% confluence, neural stem cells were passaged, surviving well in subsequent passages. Compared with C17.2 neural stem cells, the primary neural stem cells isolated from hippocampal tissue proliferated and aggregated into free-floating neurospheres in serum-free medium after 2--3 days of cultivation ([Figure 2](#F2){ref-type="fig"}). The number of neurospheres increased with cultivation time.

![Primary neural stem cell proliferation and aggregation into neurospheres after 48 hours of culture.\
Both pEGFP and psiEGFP expression plasmids were transfected into the neurospheres that developed from the primary neural stem cells. (A) Image under an inverted microscope (black arrows). (B) EGFP fluorescence within the neurospheres (white arrows). Scale bars: 100 μm. EGFP: Enhanced green fluorescent protein.](NRR-8-3095-g003){#F2}

However, when the neurospheres were passaged onto a culture plate covered with polylysine and supplemented with serum-containing medium after 7 days of culture, the neurospheres adhered to the bottom and a monolayer of primary neural stem cells emerged from the neurospheres 36 hours after inoculation ([Figure 3A](#F3){ref-type="fig"}, [B](#F3){ref-type="fig"}).

![Identification and differentiation of primary neural stem cells.\
(A, B) Neurospheres of primary neural stem cells adhered to the bottom, and a monolayer of primary neural stem cells started outgrowth from the neurospheres 5 days after adherence under an inverted microscope. (C, D) Neurospheres of primary neural stem cells were nestin-positive 36 hours after adherence (white arrows). (E, F) Primary neural stem cells had differentiated into neuroglial cells with glial fibrillary acidic protein immunoreactivity 7 days after adherence (purple arrows). (G, H) Primary neural stem cells had differentiated into nerve cells with β-tubulin immunoreactivity 7 days after adherence (green arrows). (A, C) Scale bars: 200 μm; (B, E--H) scale bars: 100 μm; (D) scale bar: 50 μm.](NRR-8-3095-g004){#F3}

Nestin is regarded as an important marker for the identification and isolation of neural stem cells. Therefore, immunofluorescence staining for nestin was conducted after 7 days of culture. Nestin was expressed in almost all C17.2 neural stem cells and primary neural stem cells ([Figure 1C](#F1){ref-type="fig"}, [D](#F1){ref-type="fig"}; [Figure 3C](#F3){ref-type="fig"}, [D](#F1){ref-type="fig"}), suggesting that these two cell types were characteristically neural stem cells. To investigate whether these nestin-positive cells possessed the pluripotent capacity to differentiate into neuronal cells as well as astrocytes and oligodendrocytes *in vitro*, the serum-free medium was replaced and the cells were cultured for an additional 7 days in the serum-containing medium. β-Tubulin is known to be a marker of neurons, while glial fibrillary acidic protein is a marker of astrocyte-like cells and oligodendrocytes. Immunofluorescence staining showed that the C17.2 neural stem cells and primary neural stem cells had spread out from the neurospheres and morphologically differentiated into neuron-like cells bearing long neurites or into astrocytic or oligodendrocytic cells ([Figure 3E](#F3){ref-type="fig"}--[H](#F1){ref-type="fig"}). This suggests that the C17.2 neural stem cells and primary neural stem cells display a high capacity to proliferate and can phenotypically differentiate into functional neuronal and glial cell types *in vitro*.

Construction and confirmation of siBACE1 plasmid {#sec2-2}
------------------------------------------------

We constructed the shRNA expression plasmid, which was used directly in neural stem cell and primary neural stem cell RNAi experiments. The shRNA sequence contained the shRNA sense strand, antisense strand and a loop sequence. We introduced the shRNA sequence into the pSilenCircle plasmid to construct psiBACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1-4 shRNA expression plasmids ([Figure 4](#F4){ref-type="fig"}).

![Sequence of the short hairpin RNAs (shRNAs).\
Upper: The three shRNA sequences that were complementary with the coding region of human β-site amyloid precursor protein cleaving enzyme 1 (BACE1) mRNA, and an irrelevant shRNA (control). Below: The three short hairpin RNA (shRNA) expression sequences were introduced into pSilenCircle plasmids to construct psiBACE1-1, psiBACE1-2 and psiBACE1-3 shRNA expression plasmids.](NRR-8-3095-g005){#F4}

The StuI digestion sites in the pSilenCircle plasmid were lost in clones with successful fragment insertion, while plasmids without insertions retained the StuI digestion sites. The pSilenCircle plasmids were cut by StuI enzyme into 3.5 kb and 1.1 kb linear fragments, while psiBACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1-4 remained uncut (4.6 kb) ([Figure 5A](#F5){ref-type="fig"}, [B](#F5){ref-type="fig"}). We could select plasmids with successfully inserted shRNA sequences after restriction digestion with StuI. The shRNA expression plasmids were then sequenced to confirm proper insertion ([Figure 5C](#F5){ref-type="fig"}).

![Successful construction of pSilenCircle plasmids.\
(A) Because of the insertion of exogenous fragments, the short hairpin RNA (shRNA) expression plasmids could not be cut by StuI enzyme. The psiBACE1-1 (1, 2), psiBACE1-2 (3, 4), psiBACE1-3 (5, 6) and psiBACE1-4 (7, 8) all were 4.6 kb in length. (B) The pSilenCircle plasmids without insertion of exogenous fragments (1) were cut by StuI enzyme into 3.5 kb and 1.1 kb linear fragments. The psiBACE1-1 (2, 3), psiBACE1-2 (4, 5), psiBACE1-3 (6, 7) and psiBACE1-4 (8, 9) still were 4.6 kb in length. (C) The three shRNA expression plasmids were sequence-verified.](NRR-8-3095-g006){#F5}

Each shRNA plasmid carried a BACE1 sequence cassette encoding a target-specific 19-nt shRNA with a 6-bp loop. When transfected into neural stem cells or primary neural stem cells *via* lipid-based transfection, the plasmids expressed shRNA from the U6 promoter. The shRNA offered an opportunity to potently and stably silence BACE1 gene expression.

Evaluation of target gene expression {#sec2-3}
------------------------------------

The pEGFP expression plasmids were transfected into C17.2 neural stem cells at 0.6, 1.2, 1.8, 2.4 and 3.0 μg (mixed with 50 μL Lipofectamine 2000). 1.2 μg of pEGFP displayed the most effective transfection rate, more than 85% ([Figure 6](#F6){ref-type="fig"}).

![Green fluorescent protein (GFP) expression in C17.2 neural stem cells after transfection.\
(A) C17.2 neural stem cells were transfected with 0.6, 1.2, 1.8, 2.4 or 3.0 μg pEGFP expression plasmid. 1.2 μg of pEGFP displayed the most effective transfection rate of more than 85% at different time points post-transfection. Results were assessed using GFP fluorescence intensity. (B, C) C17.2 neural stem cells abundantly expressed the GFP protein (green) 24 hours after transfection (visualized under an inverted fluorescence microscope). (B) Scale bar: 200 μm; (C) scale bar: 50 μm.](NRR-8-3095-g007){#F6}

In this study, siGFP was individually co-transfected with each of the four siBACE1 plasmids into C17.2 neural stem cells. The BACE1 activity assay was performed 48 hours after transfection of the expression plasmids, i.e., psiBACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1-4, to identify the most efficient plasmid. Except for psiBACE1-4 (control plasmid), each of the other plasmids inhibited BACE1 activity by at least 72%, as assessed with real-time PCR assay ([Figure 7](#F7){ref-type="fig"}). However, psiBACE1-2 displayed the greatest efficiency in knocking down BACE1 expression (over 87%) after 48 hours of transfection, which is ideal for accomplishing our goal. In addition, the siBACE1-2 plasmid was capable of stable inhibition of target gene expression; even 7 days after transfection, it still inhibited BACE1 activity by over 69% ([Figure 8](#F8){ref-type="fig"}). This capacity for stable expression in neural stem cells is a major advantage of the shRNA system, especially when targeting a protein with slow turnover.

![Beta-site amyloid precursor protein cleaving enzyme 1 (BACE1) expression in C17.2 neural stem cells 48 hours after transfection (real-time reverse-transcription PCR).\
The psiBACE1-2 plasmid displayed the greatest efficiency in knocking down BACE1 expression, with an efficiency of more than 87% after transfection. The psiBACE1-1 and the psiBACE1-3 plasmids also reduced BACE1 expression. Each group consisted of three sections. Tests were repeated three times. Data were analyzed with one-way analysis of variance and least significant difference test. ^a^*P* \< 0.01, *vs*. control.](NRR-8-3095-g008){#F7}

![Effect of siBACE1-2 on BACE1-2 expression in C17.2 neural stem cells and primary neural stem cells (real-time reverse-transcription PCR).\
The siBACE1-2 plasmids could inhibit BACE1 activity by over 69%, even 7 days (d) after transfection. psiBACE1-2 reduced BACE1 expression in C17.2 neural stem cells and primary neural stem cells 3, 5 and 7 days after transfection. Each group consisted of three sections. Tests were repeated three times.\
All values are presented as mean ± SD. Data were analyzed by one-way analysis of variance and least significant difference test. ^a^*P* \< 0.01, *vs*. control. BACE1: β-Site amyloid precursor protein cleaving enzyme 1.](NRR-8-3095-g009){#F8}

In the RNAi experiments with primary neural stem cells, the shRNA plasmids were the same as those used in the C17.2 neural stem cells, but only psiBACE1-2, which exhibited the strongest inhibition of BACE1 activity, was used ([Figure 8](#F8){ref-type="fig"}).

The primary neural stem cells isolated from hippocampal tissue were cultured for 7 days, and the resulting neurospheres were co-transfected with siGFP and siBACE1-2 plasmids. The ability of psiBACE1-2 to downregulate BACE1 was confirmed by PCR after 48 hours of transfection (data not shown). We also examined the long-term ability of psiBACE1-2 to downregulate BACE1 expression in the primary neural stem cells. As shown in [Figure 8](#F8){ref-type="fig"}, we observed effective downregulation of BACE1 expression by psiBACE1-2 3--7 days after the shRNA treatment. The reduction in BACE1 transcript levels was stable during the course of RNAi treatment. These results demonstrate that the siBACE1-2 plasmid provides a stable and long-term means of inhibiting BACE1 gene expression.

The measurement of cell viability is very important in developing a safe shRNA expression plasmid for neural stem cells. We examined cell viability using the X-gal assay after transfection with the shRNA expression plasmid. Greater than 95% of neural stem cells survived after 2 days in control (untransfected) cultures. Cell viability was also quite high (up to 90%) 48 hours after shRNA treatment ([Figure 9](#F9){ref-type="fig"}). Therefore, there was no significant difference between untransfected cells and those transfected with siBACE1-2 plasmid.

![Cell viability of C17.2 neural stem cells 48 hours after transfection (X-gal staining).\
The X-gal assay was used to assess cell viability after transfection with the shRNA expression plasmid under the inverted fluorescence microscope. C17.2 neural stem cells were used. There was no significant difference in cell viability between cells transfected with siBACE1-2 plasmid (A, B) and those that were untransfected (C, D). Red arrows show the stained C17.2 neural stem cells. (A, C) Scale bars: 200 μm; (B) scale bar: 50 μm; (D) scale bar: 100 μm. BACE1: β-Site amyloid precursor protein cleaving enzyme 1.](NRR-8-3095-g010){#F9}

DISCUSSION {#sec1-4}
==========

Cell transplantation has proven to be an effective method for treating diseases, especially when combined with genetic engineering; it can not only repair damaged tissue through cell replacement, it can also be used as a form of gene therapy\[[@ref2]\]. Among the neurodegenerative diseases, Parkinson\'s disease is often the first to be selected for cellular and genetic therapeutic studies, because there is a relatively clear pathogenesis. For example, the impairment of motor function is mainly related to the loss of the neurotransmitter dopamine. Thus, the transplantation of cells that secrete dopamine can increase neurotransmitter levels, and thereby have a substantial therapeutic effect\[[@ref8]\]. However, in contrast, there are numerous pathogenetic processes in Alzheimer\'s disease. In addition to the apoptosis of cholinergic neurons\[[@ref27][@ref28]\], recent studies show that the levels and activity of β-secretase are considerably elevated in brain regions affected by Alzheimer\'s disease. The lack of a simple pathogenesis makes Alzheimer\'s more complex and difficult to treat through cell transplantation. However, the overactivity or overexpression of β-secretase likely leads to the overproduction of Aβ, ultimately inducing cognitive dysfunction in patients.

In a previous study, we inhibited the expression of the BACE1 gene using RNAi in nerve cells, resulting in a robust reduction in Aβ production\[[@ref29]\]. However, the new challenge we faced in this study was how to simultaneously provide two or more therapeutic effects to tackle the complicated pathogenesis of Alzheimer\'s disease. We focused on the replacement of lost nerve cells and reducing the activity or levels of BACE1 protein. Although fibroblasts or Schwann\'s cells are often used as gene carriers, they cannot integrate with nerve tissues of the host or form synaptic connections after transplantation into the brain because they are not neuronal cells. Consequently, they cannot survive for long periods in the host or stably express the exogenous gene in the nervous system. Therefore, in this study, we used C17.2 neural stem cells as the carriers of the gene. C17.2 neural stem cells can proliferate and maintain their self-renewal and multipotent differentiation capacities *in vitro*. They can also migrate to the damaged area in the brain, where they may survive, proliferate and differentiate into neuron-like cells and form synaptic connections with host nerve cells. However, unlike primary nerve cells, neural stem cells are readily obtained and can be easily transfected with target genes\[[@ref30]\]. Studies have shown that the expression of the target gene can last for 22 months and substitute for the endogenous gene after transplantation of neural stem cells into the host\[[@ref31][@ref32]\]. There are currently many reports on the treatment of neurodegenerative diseases with neural stem cell transplantation, in which researchers usually introduce neurotrophic factor genes to restore specific nerve functions. Thus, neural stem cells are ideal gene carriers for the treatment of neurodegenerative diseases, and they can have the dual function of cell replacement and gene therapy. The detailed understanding of neural stem cell transplantation has opened up novel therapeutic avenues for Alzheimer\'s disease.

In a growing number of studies, the nerve growth factor gene was introduced into neural stem cells, which were then transplanted into the brains of Alzheimer\'s disease animal models for preventing or delaying the onset of symptomatic Alzheimer\'s disease\[[@ref33][@ref34]\]. However, the lack of nerve growth factor is only one of the several pathogenetic changes in Alzheimer\'s disease. The latest studies indicate that the level of BACE1 in the brain of patients with Alzheimer\'s disease is 40--60% higher than in normal aged persons, and the activity of BACE1 is relatively much higher as well. Although the basis for the higher BACE1 activity remains largely unknown, it is thought that downregulating the activity of the enzyme is the best strategy for the treatment of Alzheimer\'s disease\[[@ref35][@ref36][@ref37][@ref38][@ref39]\]. Hence, we considered it necessary to develop a novel method of neural stem cell transplantation, aimed simultaneously at several pathogenetic changes in Alzheimer\'s disease. Unlike other studies in which genes were introduced to increase the expression of proteins, we introduced an shRNA expression plasmid to knock down BACE1 expression in neural stem cells and reduce Aβ protein levels. Such neural stem cells could have a greater therapeutic effect.

After transplantation, the neural stem cells generated in this study should proliferate and differentiate into neuron-like cells, and substitute for the lost nerve cells in the injured region, but without excessive BACE1 gene expression. Although it is not clear how BACE1 activity is increased in Alzheimer\'s disease patients, it is possible that the activity of BACE1 within neural stem cells might be increased in the microenvironment where they are transplanted into the Alzheimer\'s disease brain, because it has been found that there is a complicated interaction between exogenous neural stem cells and the brain microenvironment\[[@ref40]\]. Recent studies show that the proliferation of neural progenitor cells, and their survival and potential to differentiate into neuron-like cells are affected in the hippocampal dentate gyrus of Alzheimer\'s disease transgenic mice\[[@ref41]\]. *In vitro* studies show that Aβ in its pathological form (Aβ42) may affect the proliferation, survival and differentiation of neural progenitor cells. It is thought that Alzheimer\'s disease patients gradually lose neurons and develop dementia because of neural progenitor cell damage induced by Aβ42\[[@ref42]\]. Here we assumed that the inhibition of Aβ synthesis within neural stem cells through RNAi should reduce Aβ42 aggregation. As a result, our strategy should promote the proliferation, survival and differentiation of the neural stem cells into neuron-like cells.

At present, there are two ways to treat neurodegenerative diseases with neural stem cells; (i) the induction of differentiation of endogenous neural stem cells and (ii) the transplantation of exogenous neural stem cells. The mechanism of migration of endogenous neural stem cells in the embryo is quite well understood. Numerous important signaling molecules and cytokines are involved in the dynamics of migration of neural stem cells in the embryo\[[@ref43]\]. However, the mechanism in the adult remains largely unknown. Even less is known about the process in pathologic conditions such as Alzheimer\'s disease\[[@ref44]\]. Recent studies show that Aβ42 can affect the migration of neural stem cells, and *in vivo* experiments demonstrate that the transplanted neural stem cells can migrate to the region of Aβ injection where they may differentiate into neurons and astrocytes\[[@ref45]\]. Aβ is frequently aggregated in the hippocampus and subventricular zone, where numerous neural stem cells are gathered\[[@ref40]\]. It has been recently shown that Aβ42 is the ligand for the chemoattractant receptor FPR-like-1, which is expressed on the surface of neural stem cells\[[@ref20]\]. Zhang *et al*\[[@ref2]\] identified many receptors responsible for the migration of neural stem cells, including FPR, SDF-1 and CXCR-4, and found that the migration of neural stem cells was significantly affected after incubation with low concentrations of Aβ42 for long periods. Notably, the expression of CXCR-4 on the surface of neural stem cells also showed a dose-dependent decrease. Therefore, they conjectured that Aβ42 reduces CXCR-4 expression *via* FPR, leading to a reduction in neural stem cell migration. The upregulation of GRK2 on the surface of neural stem cells was also associated with the inhibition of neural stem cell migration.

In this study, the risk of overproduction of Aβ42 was reduced by having introduced an shRNA expression plasmid targeting the BACE1 gene into neural stem cells. As a result, the neural stem cells should be much more efficient in migrating to the damaged area. Consequently, our study is vitally important in efforts for improving neural stem cell migration in pathological states. Studies have shown that successful implementation of siRNAs *in vivo* is hampered by the low bioavailability of these hydrophilic compounds and their inability to cross key biological barriers such as the blood-brain barrier\[[@ref46][@ref47][@ref48]\]. Thus, introducing a shRNA plasmid (such as ours) *via* intraventricular injection should be much more therapeutically effective.

The shRNA expression plasmid with the U6 promoter used in the present study stably expressed the shRNA for a long period of time, and significantly inhibited the expression of the BACE1 gene in neural stem cells. These neural stem cells should not only proliferate and differentiate into nerve cells to replace the lost neurons, they should also have reduced endogenous BACE1 activity, suggesting that they should successfully fulfill the dual objective of treatment and prevention. Therefore, we reasonably consider that the transplantation of neural stem cells transfected with a shRNA expression plasmid against BACE1 is an ideal form of targeted gene therapy, aimed at tackling the complex pathogenesis of Alzheimer\'s disease.

MATERIALS AND METHODS {#sec1-2}
=====================

Design {#sec2-4}
------

A randomized, controlled *in vitro* study.

Time and setting {#sec2-5}
----------------

Experiments were performed at the Department of Neurobiology and Anatomy, Zhongshan School of Medicine, Sun Yat-sen University, China from June 2010 to March 2012.

Materials {#sec2-6}
---------

Sprague-Dawley (SD) neonatal male rats (newborn), weighing about 1.5 g, were purchased from the Experimental Animal Center of Sun Yat-sen University in China (license No. SYXK (Yue) 2007-0081). Rats were housed in a quiet room with a ventilation and air filtration system at 20°C and 50% humidity, and allowed free access to food and water. Bedding and drinking water were replaced daily. Animal procedures were conducted in accordance with the Guidance Suggestions for the Care and Use of Laboratory Animals, issued by the Ministry of Science and Technology of China\[[@ref49]\].

Methods {#sec2-7}
-------

### Cell culture {#sec3-1}

The C17.2 neural stem cell line was purchased from Kunming Institute of Zoology, Chinese Academy of Sciences in China. The C17.2 neural stem cells were cultured in Dulbecco\'s modified Eagle\'s medium (DMEM)/F12 (1:1) medium (Invitrogen, Carlsbad, CA, USA), supplemented with 20 ng/mL epidermal growth factor and 10 ng/mL basic fibroblast growth factor, in a 5% CO~2~ humidified atmosphere at 37°C. The primary neural stem cells were obtained from neonatal rats. Hippocampal tissue was dissected and digested with 0.1% trypsin-ethylenediamO2 humidified atmosphere at 37 pine tetraacetic acid (EDTA; Invitrogen) and 0.5 mg/mL DNase (Sigma, St. Louis, MO, USA) at 37°C for 40 minutes and then centrifuged at 1 000 r/min (radius: 13.5 cm) for 10 minutes. Then, primary neural stem cells were cultured in 83% DMEM with 10% fetal bovine serum, 5% horse serum (Gibco), 1% L-glutamine and 1% antibiotic solution in an incubator at 37°C and 5% CO~2~. After culture, primary neural stem cells isolated from the hippocampal tissue of neonatal rats proliferated and aggregated into floating neurospheres in culture *in vitro*. The C17.2 neural stem cells and primary neural stem cells were cultured for another 7 days prior to transfection.

### Immunocytochemical staining {#sec3-2}

The free-floating neurospheres of primary neural stem cells attached to the culture plate covered with polylysine. A monolayer of primary neural stem cells started outgrowth from the neurospheres 8 hours post-inoculation. Primary neural stem cells and C17.2 neural stem cells were fixed in 4% paraformaldehyde in 0.1 mol/L PBS pH 7.4 for 15 minutes at room temperature, and then washed three times with 0.1 mol/L PBS. Afterwards, the cells were permeabilized with 0.1% Triton X-100 in PBS for 15 minutes and blocked with 5% goat serum albumin for 30 minutes. The cells were incubated with anti-nestin (1:100), anti-β-tubulin (1:100) and anti-glial fibrillary acidic protein (1:100) monoclonal antibodies (Abcam Inc, Cambridge, MA, USA) for 1 hour at room temperature, and subsequently incubated with secondary antibodies; fluorescein isothiocyanate-conjugated goat anti-rat IgG and tetramethylrhodamine isothiocyanate-conjugated goat anti-rat IgG (1:1 000; Zhongshan Co., Ltd., Beijing, China) for 2 hours at room temperature. The fluorescence images of nestin (red), β-tubulin (red) and glial fibrillary acidic protein (green) staining in C17.2 neural stem cells and primary neural stem cells were captured using a Zeiss Axio Imager Z1 microscope (Carl Zeiss, Jena, Germany).

### Plasmid construction {#sec3-3}

To screen for the most effective shRNA sequence, we designed three shRNA sequences that were complementary to the coding region of human BACE1 mRNA, and we designed an irrelevant (control) shRNA as well. The shRNA sequences were as follows: shRNA1 (sense) 5'-gctttgtggagatggtgga-3'; shRNA2 (sense) 5'-gacgctcaa catcctggtg-3′; shRNA3 (sense) 5'-tggactgcaaggagtaca a-3' and irrelevant shRNA (sense) 5'-ttggctttgctgtcagcgc- 3′. The shRNA DNA oligonucleotides were introduced into pSilenCircle plasmid (Allele Biotech & Pharmaceuticals, Inc, San Diego, CA, USA) to produce four recombinant plasmids; psiBACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1-4\[[@ref50]\]. All constructs were sequence- verified by Sangon Biotech (Shanghai) Co., Ltd., Shanghai, China. The shRNAs were delivered as gene constructs composed of the U6 RNA-based polymerase III promoter, the short hairpin DNA oligonucleotide encoding the shRNA against the BACE1 gene and a modified terminator, which could synthesize shRNA duplexes 19 nt in length with 2 nt overhangs at the 3' end. Pol III-directed synthesis of shRNA should produce high levels of shRNA expression, which, in turn, should result in highly efficient gene silencing.

### Cell transfection {#sec3-4}

Neural stem cells were cultured in 24-well plates at a density of 2 × 10^5^ cells/well for 24 hours prior to transfection. Various concentrations of psiEGFP were diluted into 50 μL DMEM. 10 μL Lipofectamine 2000 (Invitrogen) was diluted into 50 μL DMEM and mixed with psiEGFP plasmid at room temperature. After about 80% confluence, the GFP-expressing plasmid (pEGFP-C1) and psiEGFP plasmid (Clontech, Mountain View, CA, USA) encoding the shRNA against the EGFP gene were simultaneously transfected into neural stem cells to facilitate the evaluation of the effectiveness of the exogenously introduced shRNA. The recombinant psiBACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1-4 were also individually transfected into neural stem cells with Lipofectamine 2000 according to the manufacturer\'s instructions. The same procedure was used for the transfection of primary neural stem cells. The serum-free medium containing the DNA-liposome complexes was changed and replaced with fresh medium 4--6 hours post-transfection, and the neural stem cells and primary neural stem cells were continuously cultured for 12--84 hours. The fluorescence images of the C17.2 neural stem cells and primary neural stem cells were obtained using a Zeiss Axio Imager Z1 inverted fluorescence microscope (Carl Zeiss).

### Detection of RNAi activity using real-time reverse-transcription PCR {#sec3-5}

The RNAi activity was measured at different time points. We transfected pEGFP-C1 Vector (Clontech) into C17.2 cells and primary neural stem cells or neurospheres to optimize the conditions for transfection and observe the expression of the exogenous gene in these cells. The expression of the exogenous gene and the silencing effect were quantified using quantitative real-time reverse-transcription PCR (RT-PCR) on a Bio-Rad Chromo 4 instrument with a SYBR Green real-time RT-PCR master mix kit (Takara, Dalian, China). The procedure was as follows: 1 × 10^5^ C17.2 cells or primary neural stem cells were plated into 35-mm glass dishes to achieve approximately 60--80% confluence in transfection experiments. An aliquot of pEGFP-C1 vector was diluted to 50 μL with DMEM (serum-free) and incubated for 5 minutes at room temperature. Subsequently, Lipofectamine 2000 was diluted to 50 μL with DMEM and incubated for 5 minutes at room temperature. Then, pEGFP-C1 vector and Lipofectamine 2000 diluent were mixed together and incubated for 20 minutes to produce the pEGFP-C1 vector- Lipofectamine 2 000 complexes. The complexes were added to each well of cells and incubated for 30 minutes at room temperature. The psiBACE1-1, psiBACE1-2, psiBACE1-3 and psiBACE1-4 (negative control) were separately transfected into C17.2 cells, primary neural stem cells or neurospheres as mentioned above. Reverse transcription was performed to produce cDNA, which was used to assess the silencing effect using

PCR. PCR was performed in triplicate. The expression of the gene was normalized to β-actin using the ddCt method\[[@ref51]\].

### Cell viability assay using X-gal staining {#sec3-6}

Cell viability was measured using X-gal staining\[[@ref52]\]. The untransfected or transfected C17.2 neural stem cells were cultured at a density of 2 × 10^5^ cells/well in 24-well plates and fixed in X-gal solution (Invitrogen) containing 2% paraformaldehyde for 10 minutes after washing with X-gal. Cells were then washed three times and incubated with X-gal solution for 14 hours at 37°C. Images were captured on a Zeiss Axio Imager Z1 inverted fluorescence microscope.

### Statistical analysis {#sec3-7}

All data were analyzed using one-way analysis of variance and least significant difference test for comparisons between two groups using the SPSS 16.0 software package (SPSS, Chicago, IL, USA). In all statistical analyses, *P* \< 0.05 was regarded as statistically significant. All values are presented as mean ± SD.

**Research background:** Preventing Aβ formation and deposition is the main strategy in Alzheimer\'s disease treatment. BACE1 is a key enzyme in Aβ metabolism. Reducing BACE1 gene expression is effective in preventing the production of Aβ.

**Research frontiers:** In this study, 19-nt constructs targeting the BACE1 gene were introduced into the pSilenCircle vector to construct shRNA expression plasmids against the BACE1 gene. This vector was transfected into C17.2 neural stem cells and primary neural stem cells, resulting in the downregulation of BACE1 gene expression.

**Clinical significance:** This study explored a new method to treat Alzheimer\'s disease using cell transplantation and gene therapy through the modification of neural stem cells.

**Academic terminology:** β-secretase 1, also known as BACE1, membrane-associated aspartic protease 2 (memapsin-2) and aspartyl protease 2, is an enzyme that in humans is encoded by the BACE1 gene.

**Peer review:** This study investigated targeting β-secretase with RNAi in neural stem cells for Alzheimer\'s disease therapy, and this work is interesting. However, some studies have shown that the cell membranes of nerve cells can prevent the penetration of siRNAs. Moreover, the blood-brain barrier can also restrict siRNAs from entering the central nervous system. Thus, the use of shRNA approaches for the treatment of central nervous system diseases is promising compared with siRNA.
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